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ABSTRACT
Large-amplitude Sgr A* near-infrared flares result from energy injection into electrons near
the black hole event horizon. Astrometry data show continuous rotation of the emission region
during bright flares, and corresponding rotation of the linear polarization angle.One broad class
of physical flare models invokes magnetic reconnection. Here we show that such a scenario can
arise in a general relativistic magnetohydrodynamic simulation of a magnetically arrested disc.
Saturation of magnetic flux triggers eruption events, where magnetically dominated plasma
is expelled from near the horizon and forms a rotating, spiral structure. Dissipation occurs
via reconnection at the interface of the magnetically dominated plasma and surrounding fluid.
This dissipation is associated with large increases in near-infrared emission in models of Sgr
A*, with durations and amplitudes consistent with the observed flares. Such events occur
at roughly the timescale to re-accumulate the magnetic flux from the inner accretion disc,
' 10h for Sgr A*. We study near-infrared observables from one sample event to show that
the emission morphology tracks the boundary of the magnetically dominated region. As the
region rotates around the black hole, the near-infrared centroid and linear polarization angle
both undergo continuous rotation, similar to the behavior seen in Sgr A* flares.
Key words: accretion, accretion discs — black hole physics — Galaxy: centre — MHD —
polarization — radiative transfer
1 INTRODUCTION
The Galactic center massive black hole, Sgr A*, shows variable
near-infrared (NIR) emission with factor ∼ 10 increases (Genzel
et al. 2003; Ghez et al. 2004) over its median value (Schödel et al.
2011; Dodds-Eden et al. 2011; Witzel et al. 2018). The so-called
“flares” are often accompanied by simultaneous events in the X-ray
(Baganoff et al. 2001; Eckart et al. 2008b; Marrone et al. 2008). The
lack of a clear submillimeter counterpart (submm, electron energy
γ ∼ 10 − 100) implies that the flares are due to the acceleration
of electrons to energies γ & 103 (Markoff et al. 2001). Linear
polarization fractions of ' 10–40% indicate that the NIR emission
is due to synchrotron radiation (Eckart et al. 2006; Trippe et al.
? jason.dexter@colorado.edu
2007; Eckart et al. 2008a). Despite nearly two decades of study,
their physical origin remains uncertain.
Recently, NIR long baseline interferometry with the VLT In-
terferometer instrument GRAVITY (Gravity Collaboration et al.
2017) showed a continuous rotation of the NIR centroid during
three bright flares with apparent periods of ' 30–60minutes (Grav-
ity Collaboration et al. 2018). The observed clockwise motion on
sky is consistent with models of a compact orbiting emission region
(Broderick & Loeb 2005, 2006) at a radius of r ' 6–10rg, where
rg = GM/c2 is the gravitational radius (Gravity Collaboration et al.
2020a, but see Matsumoto et al. 2020 and Ball et al. 2020). Simul-
taneous rotation of the linear polarization angle with a comparable
period is consistent with the same scenario, as long as there is a
significant poloidal magnetic field component in the emission re-
gion (Gravity Collaboration et al. 2018, Gravity Collaboration et
al., 2020, submitted). The circular pattern of the centroid motion
© 2019 The Authors
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Figure 1.Magnetic flux accumulated on the event horizon as a function of time (blue) and the near-infrared light curve (black) for our fiducial MAD simulation.
The magnetic flux shows cycles of gradual ramp up and rapid dissipation. The dissipation events are due to magnetic flux eruptions from near the black hole,
and are associated with large-amplitude near-infrared variability. Such “flares” occur every ' 10h for Sgr A*. The NIR light curve is plotted as Fν/〈 ÛM 〉2 with
〈 ÛM 〉 the temporally smoothed accretion rate. This keeps the median flux density roughly constant as the mass reservoir drains.
on sky and lack of a strong Doppler beaming signature in the flares
disfavors inclination angles close to edge-on (i . 130◦, Gravity
Collaboration et al. 2020a).
Radiative models based on general relativistic magnetohydro-
dynamic (GRMHD) simulations of Sgr A* accretion are consistent
with the source spectrum, image sizes, and image-integrated polar-
ization properties (Mościbrodzka et al. 2009, 2014; Dexter et al.
2009, 2010; Shcherbakov et al. 2012; Chan et al. 2015a; Ressler
et al. 2017; Chael et al. 2018; Anantua et al. 2020). In some cases,
the models produce sufficiently hot electrons to match the observed
NIR luminosity (e.g., Dexter & Fragile 2013; Chan et al. 2015b;
Ressler et al. 2017). The NIR emission region is usually found to
be concentrated close to the black hole event horizon (e.g., Dolence
et al. 2009; Ressler et al. 2017; Petersen & Gammie 2020).
Here we consider a scenario for Sgr A* flares as the result of
stochastic, repeating, large-scale magnetic reconnection events oc-
curring in GRMHD models of magnetically arrested discs (MADs,
Igumenshchev et al. 2003; Narayan et al. 2003; Tchekhovskoy et al.
2011;McKinney et al. 2012).We study one GRMHDmodel that we
found to be broadly consistent with observations of Sgr A* (Dexter
et al. 2020). We show that NIR flares occur every ' 10h in the same
models as the result of magnetic eruptions originating close to the
black hole (section 2). The flares show continuous rotation of the
astrometric centroid as a result of rotating spiral structure in the
emission region (section 3). We find a corresponding rotation of the
polarization angle due to the strong poloidal fields near the black
holes. We discuss the limitations of the current model and implica-
tions for our understanding of accretion onto Sgr A* (section 4). We
note that Porth et al. have also carried out a study of these events
and their possible connection to Sgr A* flares, including calcula-
tions of their dynamics, energetics, magnetic field configuration,
and dependence on black hole spin.
2 FLUX ERUPTIONS IN NUMERICAL MODELS OF
MAGNETICALLY ARRESTED DISCS
Here we study one fiducial, long duration, MAD, 3D GRMHD sim-
ulation described in Dexter et al. (2020) and run with the harmpi1
code (Tchekhovskoy 2019). Using a resolution of 320 × 256 × 160
grid cells in the r−, θ−, and ϕ−directions, respectively, the simula-
tion was run for a time of 6 × 104rg/c after being initialized from
a Fishbone-Moncrief torus with inner radius rin = 12rg, pressure
maximum radius rmax = 25rg, and black hole spin parameter of
a = 0.9375. A single poloidal loop of magnetic field particularly
designed to supply a large amount of magnetic flux was added in-
side the torus such thatmax(pg)/max(pB) = 100, where pg and pB
are the gas and magnetic pressures (see, e.g., Tchekhovskoy et al.
2011). By the end of the run, inflow equilibriumwas established out
to r ' 90rg. The simulation included a scheme for self-consistently
evolving four separate electron internal energy densities along with
that of the single MHD fluid (Ressler et al. 2015). We use an ideal
fluid equation of state with adiabatic index of 5/3 for the fluid, and
4/3 for the electrons. Each electron internal energy density used a
different, sub-grid heating prescription based on kinetics calcula-
tions. Here we focus on the magnetic reconnection model ofWerner
et al. (2018, electron heating fraction of qe = 1/4 − 1/2, parame-
terized using their equation 3), which can produce both the median
NIR flux density and large-amplitude flaring behavior. The results
presented here are consistent across all electron heating models.
The blue line in Figure 1 shows the dimensionless mag-
netic flux accumulated on the horizon as a function of time,
φ =
√
4piΦBH/
√ ÛM , where ΦBH is the magnetic flux and ÛM > 0 is
the accretion rate which we smooth over timescales of 1000 rg/c.
Magnetic flux is advected inwards with the flow and rapidly
builds up on the event horizon, saturating in a MAD state where
φ ' 50− 60 (e.g., Tchekhovskoy et al. 2011; McKinney et al. 2012;
Tchekhovskoy 2015). The normalized magnetic flux undergoes cy-
cles of gradual build up and rapid dissipation. The dissipation is due
1 https://github.com/atchekho/harmpi
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Figure 2. Vertically averaged maps of simulation variables of density ρ, dimensionless electron temperature kTe/mec2, plasma β, and fluid heating rate
Q at four snapshots spanning the flare period of 320–400 minutes. The density and heating rate are in code units. Ray traced NIR images are shown in the
bottom row, scaled as intensity I1/4ν and normalized to the maximum pixel brightness of each image. Strong heating occurs continuously at the interface of the
magnetically dominated, erupting regions and surrounding fluid. The rotating, spiral morphology of the flaring region matches that of the eruption, and the
radiation originates at the interface where strong heating occurs via magnetic reconnection.
to stochastic magnetic flux “eruption” events from near the black
hole (Igumenshchev 2008).
The flux eruptions occur after the time required to replenish
the magnetic flux lost by the black hole during the previous event.
We can estimate the recurrence timescale for the largest eruptions,
in which the black hole loses about half of its magnetic flux, as the
time it takes for the accreting gas (with frozen-in magnetic flux)
to reach the black hole from r = 20 rg, the distance within which
the disc contains half as much magnetic flux as the black hole
MNRAS 000, 1–7 (2019)
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Figure 3. Left: Total NIR flux density (black) and x and y image centroid positions (blue and orange) as a function of time during the MAD flux eruption event
near t = 8× 103rg/c in our fiducial simulation. The rapid, large amplitude variability is accompanied by rotation in the centroid, particularly during the end of
the flare from ' 320–400 minutes. The NIR x and y total intensity centroid positions (middle) and Stokes Q/I ,U/I polarization fractions (right) are shown
color-coded in time from blue to yellow to red over the period of 320− 400minutes of the flare from the left panel. The NIR centroid rotates continuously with
an astrometric period of ' 80 minutes. At the same time, the polarization angle rotates with a comparable period (circular trajectory in Q/I ,U/I ).
(Tchekhovskoy & McKinney 2012). The accretion timescale from
this distance is
taccr ' 104
( α
0.1
)−1 (H/R
0.3
)−2 ( r
20 rg
)3/2
rg/c, (1)
where α is the dimensionless viscosity parameter and H/R is the
disc scale height. This order of magnitude estimate gives the upper
limit for the flare recurrence timescale. Typical recurrence times for
major eruptions in our fiducial simulation are ∼ 103–4 rg/c (' 5–
50h for Sgr A*), broadly consistent with this estimate.
These magnetic flux eruptions launch low-density tubes of
magnetic flux from near the black hole, which form a rotating spi-
ral pattern (Igumenshchev 2008; Tchekhovskoy et al. 2011). Fig-
ure 2 shows density-weighted, vertically averaged maps of particle
density, electron temperature, plasma β (the ratio of gas to mag-
netic pressure), and fluid heating rate, Q, at four snapshots near
the t = 8 × 103rg/c eruption event in our fiducial simulation. Hot,
strongly magnetized, low density plasma forms a spiral structure
which rotates around the black hole at small radii of r . 10rg.
Particularly strong heating (red regions in fourth row of Figure 2)
occurs near the boundary between the strongly magnetized (plasma
β < 0.1 − 1), low density and more weakly magnetized (plasma
β ' 1 − 10), higher density regions. Similar non-axisymmetric
spirals are seen in all eruption events. Note that the unphysical
Q < 0 values (blue regions in fourth row of Figure 2) occur due
to unavoidable truncation error in low density, high entropy, high
magnetization regions (see §6 of Ressler et al. 2017 and §3.1 of
Sa˛dowski et al. 2017 for discussions of this issue). These regions
are excluded from our emission calculations (section 3).
3 NEAR-INFRARED OBSERVABLES
We calculate NIR observables from the time period correspond-
ing to this same magnetic flux eruption event. We scale the sim-
ulation data to cgs units using an average mass accretion rate of
10−8M yr−1 (chosen to match the Sgr A* submm to NIR spec-
trum, Dexter et al. 2020).We calculate the NIR emissivity assuming
a thermal energy distribution of electrons using the angle-dependent
fitting function fromMahadevan et al. (1996).We then calculate po-
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Figure 4. K (2.2 µm) and L (3.8 µm) NIR and 1.3 mm (230 GHz) light
curves during the flare studied here. The NIR spectral index in νLν varies
between ' −1–0.2. The submm light curve shows its typical factor ' 50%
variability, without a simultaneous change corresponding to the NIR flare.
larized movies of synchrotron radiation using the grtrans2 code
(Dexter et al. 2009; Dexter 2016) including all relativistic effects.
We fix the observer inclination angle at i = 25◦, consistent with
GRAVITY results (Gravity Collaboration et al. 2018, 2020a) ex-
cept that our fluid is rotating counterclockwise on sky. Images are
calculated with a field of view of 130 µas with 300 × 300 pixels.
We exclude any emission from the most highly magnetized regions
with the ratio of magnetic to rest mass energy density b2/ρ > 1,
with both quantities in code units. We fix the mass of Sgr A* at
M = 4×106M with a distance to the Galactic center of D = 8 kpc
(e.g., Ghez et al. 2008; Gillessen et al. 2009; Gravity Collaboration
et al. 2019; Do et al. 2019; Gravity Collaboration et al. 2020b).
These choices lead to characteristic length, time, and angular scales
of rg ' 6 × 1011 cm, rg/c ' 20 s, and rg/D ' 5 µas.
The black curve in Figure 1 shows the NIR model light curve
over a continuous ' 300h time interval for Sgr A*. Strong peaks
in near-infrared flux density are apparent, each corresponding to
a sharp decrease in magnetic flux on the event horizon. Sample
snapshot images are shown in the last row of Figure 2. The spiral
2 https://github.com/jadexter/grtrans
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morphology matches that seen in the coordinate frame simulation
data of the same flare, particularly that of the fluid heating rate
Q. The emission region rotates continuously completing one full
period over this time span. The left panel of Figure 3 shows one
double-peakedK band (2.2 µm)NIR flare corresponding to the time
period of the eruption event studied above. The x and y centroids
also show motion suggestive of rotation, with an on sky diameter of
' 20−40 µas (4−8 rg). We show the astrometric motion on sky and
the fractional linear polarization (StokesQ/I andU/I) in themiddle
and right panels. Here we use simulation data spaced by ∆t = 20s
and account for light travel time delays through the emission region
(“slow light"). The NIR centroid rotates continuously over the 80
minutes, accompanied by a single rotation of the linear polarization
angle on the same time scale, which shows up as a “loop" in the
Stokes parameter ratios Q/I and U/I (e.g., Marrone et al. 2006).
Figure 4 compares NIR K and L band light curves with that at
1.3mm (230 GHz). The spectral index is variable during the flare
but fairly flat, ranging from values of −1 . α . 0.2 for νLν ∼ να.
There is no simultaneous rise in submm flux during the NIR flare.
Where does the emission originate? The flux eruptions are as-
sociated with magnetically dominated, low density material. Syn-
chrotron radiation scales with density, and we explicitly exclude
emission from highly magnetized regions where b2/ρ > 1. The
observed emission morphology tracks that of the magnetized mate-
rial, but most closely with the regions of highest dissipation at the
interface between magnetically dominated regions and the rest of
the fluid. Typical fluid properties calculated as intensity-weighted
averages are n ' 106 cm−3, B ' 100 G, Te ' 1012 K, β ' 5.
The temperature is one order of magnitude higher than that of the
submm emitting electrons. Still, the bulk of the NIR radiation does
not originate from magnetically dominated plasma. If we instead
apply a cut where b2/ρ > 25, the flux density increases by a factor
' 2. The average properties of radiating electrons all change by
a simlar amount, e.g. the new emission comes from more highly
magnetized material. The emission region morphology, centroid
motion, and polarization behavior remain the same.
4 DISCUSSION
We have shown that flux eruption events associated with magneti-
cally arrested discs produce non-axisymmetric, magnetically dom-
inated regions which travel outwards and heat the plasma via mag-
netic reconnection. These events are a direct consequence of strong
magnetic fields near the black hole event horizon, which become
dynamically important and repel accreting gas. The existence of
such a flow structure near Sgr A* may be a natural consequence
of the accretion of weakly magnetized stellar winds in the central
parsec (Ressler et al. 2019, 2020).
By calculating NIR observables of Sgr A* from a fiducial 3D
GRMHD simulation, we have shown that such events trigger large-
amplitude NIR variability which matches many observed properties
of the NIR/X-ray flares:
• factor of '10–20 increases in flux density compared to the
median with durations of ' 30–60 minutes;
• a recurrence timescale of several hours;
• a flat spectral index in the NIR, without a simultaneous sub-
millimeter counterpart;
• linear polarization fractions of '10–20%;
• continuous rotation of the emission region accompanied by a
rotation of the linear polarization angle.
These flaring events occur in amodel which satisfiesmany other Sgr
A* submm to NIR observational constraints (Dexter et al. 2020).
The flare recurrence time is the timescale for magnetic flux to accu-
mulate on the black hole and saturate following a dissipation event.
The flares are driven primarily by increases in electron temperature
due to particle heating from magnetic reconnection. The polariza-
tion oscillation is due to strong poloidal magnetic field components
in the innerMAD accretion flow (Gravity Collaboration et al. 2018).
While we do see rapid, large-amplitude variations in intensity in
SANE simulations, those events do not show significant centroid
motion or variations in the linear polarization angle.
The flares in our MAD model could thus be a promising ex-
planation for the observed Sgr A* NIR flares. There are still some
inconsistencies with the data. Compared to the observations, i) the
flux distribution shows too many moderate and not enough very
bright flares (The GRAVITY Collaboration et al. 2020), ii) the flare
spectra might be too steep (too “red”), iii) the astrometric and po-
larization periods are at the long end of the observed range, and iv)
the astrometric pattern on sky is a factor of ' 2–3 too small.
One possible reason for these differences is that our physical
model is overly simplistic. We assume a purely thermal distribu-
tion of electrons, while relativistic magnetic reconnection can pro-
duce significant non-thermal particle acceleration (e.g., Sironi &
Spitkovsky 2014; Guo et al. 2015; Werner et al. 2016). The cooling
time given the typical parameters of our radiating electrons is ∼ 10
min, similar to the dynamical time close to the black hole and shorter
than the flare duration. Radiative coolingmay be important, particu-
larly if higher energy non-thermal electrons contribute significantly
to the observed flux. On the other hand, we do see continuous heat-
ing of the flaring electrons in our simulation (Figure 2). We do not
include non-thermal emission or Compton scattering, and so are
at present unable to make predictions for the X-ray luminosity or
spectra of the flaring events studied here.
There are also numerical complications inherent to modeling
MADs. Strongly magnetized regions are difficult to evolve accu-
rately in ideal GRMHD simulations such as those used here. Flux
eruptions are particularly challenging in this regard, since they pro-
duce steep gradients in magnetization over a large part of the in-
ner accretion flow. Our results qualitatively match those in previous
MADsimulations (e.g., Tchekhovskoy et al. 2011;White et al. 2019;
Liska et al. 2020). We have also carried out otherwise identical sim-
ulations at lower resolutions of 3/4 and 1/2 the number of cells in
each dimension. The flow structure and the time evolution of ramp
up and dissipation cycles in magnetic flux are consistent in all cases
(see appendix A). Still, the robustness of the (thermo)dynamics of
such events to changes in resolution, simulation density floors, or
the grid scale dissipation in ideal MHD remains uncertain.
In our models, there is an average . 10 µas offset between the
NIR emission region centroid and the position of the black hole.
The offset, which depends on the chosen inclination angle (here
i = 25◦), is in the direction of approaching material and results
from Doppler beaming due to relativistic motion. Since our models
underproduce the observed amplitude of centroid motion seen in
NIR flares, we consider this a lower limit to the bias that would be
induced in GRAVITY astrometric measurements in the S2 orbit in
2017 and 2018. A . 10 µas offset currently causes negligible bias
in parameters inferred from the orbit of S2 (Gravity Collaboration
et al. 2020b).
We find that NIR centroid motions are larger during flares than
otherwise. All flares in the fiducial simulation are associated with
some degree of continuous rotation, showing apparent periods of
40–100min and completing 1/2–2 rotations. The observed rotation
MNRAS 000, 1–7 (2019)
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speed is consistent with the (sub-Keplerian) orbital speed at r ' 4–
8 rg, comparable to the outer radius of the magnetically dominated
structure during flares.We do not find correlations between centroid
size or astrometric period and the total radiated energy or peak flux
during a flare.We also see similar periods and centroid excursions in
a small number of flux eruption events in shorter duration a = 0 and
a = 0.5 simulations. According to our model, future flares should
show a range of periods and astrometric sizes. In higher precision
data, the centroid track would appear more complex than that of a
compact region undergoing orbital motion.
Although the total submm intensity does not vary simultane-
ously with that of the NIR, our models do show rotations of the
submm polarization angle during the flares. Similar features have
been seen in submm polarimetry data (e.g., Moran et al. 2007).
Since the flux eruption events disrupt the inner accretion flow, we
generically expect thatNIRflares should be accompanied by observ-
able signatures in resolved submm images with the Event Horizon
Telescope (Event Horizon Telescope Collaboration et al. 2019).
The eruption events studied here may have implications for
variable emission seen in accreting black hole systems beyond Sgr
A*. The flare recurrence times of weeks seen in blazars (e.g., Chat-
terjee et al. 2009, 2011) and of hours seen in the early light curve
of the jetted tidal disruption event Swift J1644 (e.g., Tchekhovskoy
et al. 2014) both match ∼ 103−4 rg/c eruption recurrence times
found here. Much shorter timescale variability of ∼ 10 − 100 ms
might be expected in the light curves of both short (e.g., Christie
et al. 2019) and long (e.g., Tchekhovskoy&Giannios 2015) gamma-
ray bursts. Exploring the implications for MAD flux eruptions in
the non-thermal and jetted emission from a wide range of systems
is a goal of future work.
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APPENDIX A: IMPACT OF GRID RESOLUTION ON
MAGNETIC FLUX EVOLUTION AND FLOW STRUCTURE
To study convergence, we have run additional simulations at 3/4
and 1/2 the number of cells in each grid dimension as our fiducial
simulation. All other parameters are kept the same, and the lower
resolution simulations are run for a time t = 2×104 rg/c. Figure A1
shows the time evolution of themass accretion rate through the event
horizon ÛM and the dimensionless magnetic flux accumulated on the
black hole φ for the fiducial and lower resolution simulations. We
see qualitatively similar time evolution in all cases, including ramp
up and dissipation cycles of magnetic flux on similar timescales
and with similar amplitudes. Figure A2 shows density-weighted
shell-averaged radial profiles of the disc scale height 〈H〉/R and
plasma β. Inside of r . 20rg, the results are nearly identical for all
resolutions. Many individual eruptions occur at similar times and
look similar between the full and 3/4 resolution cases in terms of
vertically integratedmaps like those shown in Figure 2. In particular,
they show spiral structures of erupting, highly magnetized plasma
from near the black hole. We conclude that the results presented
here would not change if we were to use a somewhat smaller grid
resolution for our fiducial simulation.
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Figure A1. Mass accretion rate and dimensionless flux on the horizon for the fiducial and two lower resolution simulations, with all other parameters held
constant. Both simulations show qualitatively the same evolution. The 240 × 192 × 120 model also shows quantitatively similar time evolution, including e.g.
the timing of flaring events and the amount of dissipated magnetic flux.
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Figure A2. Shell-averaged scale height (left) and plasma β (right) profiles averaged from t = 8000–10000 rg/c for the three models. All show similar
time-averaged radial profiles, particularly at small radii . 10 rg .
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